Abstract: On the basis of the concept of "lake ecosystem health", the paper proposes that the planning and development of lakeside regions shall be oriented towards the core target of preserving "healthy lake" and all the construction work in lakeside regions shall be conducted within the ecosystem carrying capacity limits that the lakes can withstand. To achieve this core target, the paper first identifies main indicators describing healthy lake ecosystem and defines the external factors that can influence the health of lake eco-system. Then based on this, two kinds of urban planning methods are proposed to maintain the stability of lake eco-system health through controlling the external factors that can affect the health of lake eco-system. The first is to propose controlling factors in urban planning, such as division of ecological sensitive zones, controlling the development intensity, population capacity and types of industry in the lakeside regions and the second is to construct a monitoring and early warning system for lake eco-system health. The theories and methods mentioned in this paper have been applied to the planning of Wuhan Wutong Lake eco-city.
Introduction


Since the reform and opening up in 1978, China has made great advancement in urbanization: The urbanization rate has soared from 17.92% in 1978 to 44.99% in 2007 [1] , the number of cities has increased dramatically, totaling 661 by the year of 2007 [2] . Several large-scaled and well-connected metropolitan agglomerations have been formed, such as the Yangtze River Delta, the Pearl River Delta and the Jing-Jin-Ji Area.
The urbanization is a process closely associated with population agglomeration and industry agglomeration. The generation mechanism of urbanization includes the increase in the number of agglomeration points and the expansion in the area of agglomeration points.
Either forms of agglomeration will bring about double effects: On one hand, it accelerates rural-urban migration, and the scale effect brought about by the concentration and interaction of all kinds of activities can boost regional economy; but on the other hand, frequent and intense human activities involved in urbanization may bring damages to natural resources and ecology.
Lakes, which provide human beings with resources necessary for survival and sustainable development, are the most fragile ecosystems in the nature [3] . With the acceleration of China's industrialization and urbanization, the invasion of human activities, particularly the development of lakeside regions, have aroused serious environmental concerns, such as water pollution, eutrophication, etc.. These problems break the ecological balance of lakes and degrade their natural functions. It is unrealistic to ban all development activities for the purpose of protecting environment because residents near the lakeside harbor depends on lake resources for economic development and improvement of living standards. Therefore, to the problem of reconciliation of urbanization with the protection of population, resource and environment, as well as initiate construction projects within the carrying capacity of lake eco-system to bring the value of resources into full play without violating natural rules and stability is the focus of this paper. In order to address this problem, the paper introduces the concept of "lake eco-system health" to serve as a guiding principle that must be observed in the planning and construction of lakeside regions. To achieve this core target, the paper first identifies main indicators describing healthy lake ecosystem and defines the external factors that can influence the health of lake eco-system. Then based on this, two kinds of urban planning methods are proposed to maintain the stability of lake eco-system health through controlling the external factors that can affect the health of lake eco-system. The first is to propose controlling factors in urban planning, and the second is to construct a monitoring and early warning system for lake eco-system health.
Literature Review
Ecosystem Health was popularized in 1980s' North American countries as a response to the deteriorating global natural ecosystem at that time. It is an interdisciplinary theory developed on the basis of natural science, social science and health science [4, 5] . A number of different definitions [6] [7] [8] [9] [10] and indicators [6, 8, [10] [11] [12] have been proposed in the literatures. Generally speaking, ecosystem health is an interdisciplinary science integrating researches on human activity, social organization, natural system and human health. The concept of ecosystem health emphasizes the stability, sustainability and vigor of ecosystem, which can be manifested by the ability of an ecosystem to recover automatically after external shocks [5, [13] [14] [15] . The aim to conduct ecosystem health researches is to prevent the ecosystem from "falling ill" by evaluating and diagnosing the state of an ecosystem and by locating warning indicators suggesting the poor health state of an ecosystem [5, 13] .
Rapport [14] put the problem of ecosystem health under the spotlight by drafting a chart illustrating the influence of human activity on ecosystem and human health.
Rapport, Cech and Costanza [5, 6] identified vigor, resilience and organization as three important standard factors assessing ecosystem health:
(1) Vigor is indicative of the function of the ecosystem, and can be measured in terms of metabolism or primary productivity; (2) Resilience is also called as resistance and is indicative of a system's capacity to maintain structure and function in the presence of stress; (3) Organization refers to the complexity of a system and can be measured in terms of the diversity and number of interactions between system components. The more complex the organization is, the healthier the ecosystem will be Ref. [5, 13, 14] .
Since the concept of ecosystem health emerged in the 1980s, a number of programs have been made to address lake eco-system health issues [16] [17] [18] . "Lake health" is the extension of the concept of ecosystem health to the sphere of lakes. It has two theoretical foundations, one is the ecosystem health theory and the other is the theory of material circulation of lake ecosystems [6, 19, 20] . The researches on the "lake ecosystem health" mainly revolved around the identification of assessment indicators and the introduction of assessment approaches. So far as assessment indicators are concerned, a number of indicators for lake eco-system health assessment has been proposed, e.g., the GEP (gross ecosystem product) [11] , ecosystem stress indicators [12] and comprehensive index system integrating biological, ecological, socioeconomic and human health factors [21] . When it comes to the assessment approaches, Jorgensen [22] proposed a tentative procedure for lake ecosystem health assessment, Xu [20, 23] proposed the DMM (direct measurement method) and an EMM (ecological modeling method). The paper differs from previous studies which put an emphasis on assessment
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Lake Concept-The Case of the Wutong Lake Eco-city Project 292 index systems and assessment methods. Drawing on the ecosystem health theory, the paper introduces a new concept "healthy lake". Taking the lake and its ecosystem as an organism, the state of being healthy refers to a state in which a balance is kept between the economic benefits and the ecological returns. In other words, the lakeside regions can not be overdeveloped beyond the ecological carrying capacity limits of the lake, all the activities should be carried out on the premises of guaranteeing ecosystem health. The paper first conducts a quantitative analysis of the lake ecosystem health by using three assessment indicators-vigor, resilience and organization and then defines main external factors that can affect the lake ecosystem health, including the pollutants being discharged, population capacity, the types of agricultural and industrial activities, etc.. Then based on this, a series of urban planning measure are proposed to control these external factors influencing the lake ecosystem health, and ultimately to maintain the stability of indexes of the lake ecosystem health and achieve the core target of "health lake".
Methodology
Human activities in various forms, such as waste emission, non-point source pollution, overfishing and land reclamation from lakes, are the major causes undermining the stability of ecosystem health. Therefore, introducing the concept of "lake ecosystem health" into urban planning, to be specific, the planning of lakeside regions, suggests a transition from old human-centered planning conception to lake-centered conception. In fact, human-centered planning and lake-centered planning are not two concepts in stark opposition. As shown in Fig. 1 , human being is the integral part of ecosystem, so the impact of human activities on ecosystem will eventually find a way to act upon human being. Therefore, to prevent the performance of indexes of ecosystem health from changing drastically and to achieve the ultimate target of "healthy lake" by adopting urban planning measures to control the external factors influencing lake health (such as controlling pollutant discharged) is theoretically feasibly. These urban planning measures include limiting population capacity, dividing lakeside regions into different ecological sensitive zones, regulating developing intensity and introducing industries with little impact on lake environment, etc..
In the past, the urban planners were often stuck in a dilemma of balancing economic benefits and ecological efficiency in developing lakeside regions. They either took a compensation scheme in developing lakeside regions by first deciding the industrial development pattern and then making efforts to restore ecological system or went to the other extreme by refraining any kind of construction work by the lakeside to "protect" the ecological 
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Lake Concept-The Case of the Wutong Lake Eco-city Project 293 environment. Seldom have they considered the possibility that multifaceted interests could be balanced so long as the development activities are conducted within the ecological carrying capacity and resilience limits of lakes. It is for the purpose of addressing this dilemma that the paper proposes to take the "healthy lake" as the starting point and core target in organizing and guiding development planning near lakeside. Fig. 2 is the technology roadmap of planning and construction of lakeside region with the core target of maintaining healthy lake.
As can be seen in this figure, the first step is to set up a core target, to which other economic and social objectives are subordinate. The core target in the urbanization process of lakeside regions is to maintain lake eco-system health. The second step is to conduct quantitative assessment of lake eco-system health with three key assessment indicators-vigor, organization and resilience. The indicator of vigor assesses the mass circulation capability of ecosystem. The indicator of organization assesses the biodiversity of an ecosystem. The more complex the organization is, the healthier the ecosystem will be. The indicator of resilience assesses the system's capacity to maintain structure and function in the present of stress. The ecosystem under stress is less resilient than that free from stress. The third step is to define the external factors that affect lake eco-system health, including pollutants discharged into the lake, population capacity and industrial and agricultural production. The last step is to take urban planning measures to control the abovementioned three external factors, and ultimately achieve the core target.
The Case of the Wutong Lake Eco-city Project
An Overview of Planning Area
The Wutong Lake eco-city project is located within Liangzi Lake District inside Erzhou City, Wuhan urban agglomeration (Fig. 3) . Wuhan urban agglomeration was approved as national comprehensive experimental zone supporting the building of resource-saving and environment-friendly society. Its establishment aims at strengthening regional cooperation and removing regional barriers within the sphere of agglomeration and at boosting regional integration in the aspects such as industry layout, infrastructure construction, rural and urban development, market construction and ecological environment protection [24] . The establishment of Wuhan urban agglomeration provides a favorable policy environment for the building of Wutong Lake eco-city project. 
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Liangzi Lake, the second largest freshwater lake in Hubei Province, is located in the southeastern part of Hubei and situated in the south bank of the middle reaches of Yangtze River. It passes through the central part of Wuhan urban agglomeration (Wuhan, Erzhou, Huangshi and Xianning), with a drainage area of 2,085 km 2 [25] .
The Wutong Lake eco-city project is bounded by Changgang town to the east, Liangzi Lake to the south, Honglian Avenue (Connecting Miaoling Town and Liushi Village of Donggou District) to the north, and Fenglian Avenue (Connecting Phoenix Mountain and Liantai Bank in Wuhan) to the west (Fig. 4) . Administratively, the planning area covers four villages Yueshan, Liushi, Zhazhou, Dalong in Donggou town, with an area of 41.23 km 2 .
The condition of land resource in the planning area is superior, with no liability for geological hazard. The land resources available mainly include basic farmland, general farmland, woodland, garden plot, construction land in villages and towns, reclamation area.
Lying south to the Wutong lake and north to the Liangzi lake, the planning area is integral in lake ecosystem, rich in biodiversity and superior in water quality. It is also an important habitat for many rare and endangered wild aquatic animals and plants. Many national first-class and second-class protected animals inhabit here, such as Chinese merganser, ring-necked pheasant and four kinds of plants under special state protection grow here, which are flora of China, floating fern, wild water chestnut and lotus. Therefore, it satisfies all the conditions required for experimental resource-saving and environment-friendly development zone.
There are still some existing problems in the planning area: The first problem is that the industries in the planning area are unevenly developed, with the primary industry well developed, while secondary and tertiary industry relatively backward; Secondly, though located in the hinterland of Wuhan-Ezhou corridor and Linking industrial zone along Yangtze River and Wuhan East Lake high-tech zone, the unique geographic advantage of the planning failed to stimulate the economic development effectively for so long.
Implementation of Technology Roadmap
Setting up Core Target
The orientation of developing an innovative and ecological new city is in consistency with the ultimate objective of maintaining "healthy lake". "Innovative city" highlights the pioneering and creative developing ideology incorporated in the planning of Wutong Lake eco-city, and "Ecological city" is a manifestation of the priority given to the "healthy lake" in the process of lakeside region development.
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Analysis of Current Lake Ecosystem Health State and External Influencing Factors
The first step of analysis is to assess the ecosystem health state of Liangzi Lake by use of abovementioned three indicators-vigor, organization and resilience.
The organization index can reflect the community structure of aquatic organisms inside the lake.
According to the Liangzi Lake ecological environment protection plan (2010-2014), the Liangzi Lake well conserves the rich biodiversity and genetic diversity and is a habitat for many rare species. There are more than 280 kinds of vertebrates and about 92 advanced aquatic plants in the lake. It can be assessed that the organizational structure of Liangzi Lake is stable.
If the energy and matter of a natural ecosystem can provide sufficient sustenance for organisms living in the system, and can repair and adjust automatically to maintain dynamic balance, it can be said that this system has a high level of resilience and vigor.
Thanks to the low exploitation rate and the abundant water grass, the water pollution of Liangzi Lake is not severe and the self-purification capability of water is high. The water quality of the eastern part of the Liangzi Lake, where the planning site is located, reaches the third class. The trophic state of Liangzi lake has degraded from oligotrophic level to mesotrophic lake, with part of water area even approaching eutrophic level. It thus can be judged that the resilience and vigor of planning area is in generally good state, but has a tendency toward worsening. Taking the above analysis together, it can be concluded that the ecosystem in the Liangzi Lake is good on the whole, but it is necessary to guard against the risk of deterioration.
Currently the factors that influence the ecosystem health in planning area include:
(1) Increase of pollutant emission from land
As most of small towns along Liangzi Lake do not have standard domestic sewage treatment facilities and waste landfills, large quantity of domestic sewage organic waste was discharged into nearby rivers and finally flowed into Liangzi Lake;
(2) Undesirable effect of agricultural production On the farmland within the Liangzi Lake, fertilizers and pesticides are used excessively. As a result, when the rain falls, pollutants like nitrogen and phosphorus will flow into Liangzi Lake with surface runoff, resulting in the high concentration of nitrogen and phosphorus in the lake; An ecological sensitive area is a designation for an area which is of great significance for urban ecological environment because it has ecologically important elements or entities, which needs special protection because of its comparatively poor capability to counter against external disturbance and poor self-restoring capability [26] . Considering the following factors like the distance to the lake, the self-restoring capacity, the distribution of population aggregates, and the distance to the major transport corridor, the planning area has been divided into extremely sensitive area, sensitive area, less sensitive area and insensitive area. What is more, by giving full consideration to the ecological environment conditions in lakeside regions, the potential and availability of water resource and the actual economic development demand, the authors make an initial decision about the development intensity and industry patterns allowed by areas with different sensitive degrees in Table 1 .
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Sensitive area should be designated as key protected area. These areas are of medium ecological significance and mainly include the ecological buffer area within 0.3 km around the lake, and the ecological buffer area around mountain and water area. These areas should be moderately exploited for sightseeing and touring, but high-intensity development activities should be banned.
Comparatively sensitive area should be designated as controlled exploitation area. On the premise of controlling exploitation scale and intensity, these areas can be moderately exploited by introducing tourism projects and educational and scientific industries. Besides, domestic and industrial sewages can be centralized for treatment and emission here. These areas can be developed into different functional areas, such as residential area, touring area, sports and leisure activities area and area for modern science and technology exhibitions.
Insensitive area should be designated as key development areas because these areas face few ecological constraints, have strong development demand and convenient transport facilities. These areas can be developed into business conference center and enterprise incubators.
Taking the scope of different sensitive areas as the radius of buffer area and using the buffer and overlay tool of ArcGIS software, the distribution map of sensitive areas of different grades is painted in Fig. 5 . The crossover of roads and residential areas are also marked in the painting to provide convenience for the planning of industry layout and control of development intensity in the future;
(2) Estimation of proper population size in the planning area Ecological environment is the biggest advantage boasted by Wutong Lake eco-city, but it is also extremely fragile, and the pollution resulted from large-scale population aggregation will pose severe environmental risks. Therefore, it is of necessity to estimate proper population size in the planning area.
In this paper, the domestic sewage discharge limitation in the residential district will be taken as the primary factor determining population size estimation. Based on the environmental capacity taken up by the domestic sewage in the residential district, and by referring to relevant indexes in the discharge standard of pollutants for municipal wastewater treatment plant, the domestic sewage discharge amount allowed in residential area could be decided. According to the fixed domestic sewage discharge amount regulated in the planning area, the population carrying size could be calculated with the following formula: where, N is the population carrying size in the planning area (person), q v is the domestic sewage discharge amount allowed in residential area (L/s), q vn is the fixed domestic sewage discharge amount regulated in the planning area (L/person·d,) and K is the general variation coefficient, which is decided by the discharge amount of domestic sewage in the residential area.
According to the actual situation in the planning area and the relevant regulations in China, the Vn q in the above equation shall be set as 270 L/person·d and K shall be 1.3. The domestic sewage discharge amount allowed in residential area is determined by the environmental capacity taken up by domestic sewage discharge in residential area and the maximum permissible emission concentration ratio of basic control item stipulated in the discharge standard of pollutants for municipal wastewater treatment plant (GB18918-2002).
In the planning area, the farmland, sports park and residential and office area is most susceptible to pollution. The environmental capacity of domestic sewage of residential area is: COD (chemical oxygen demand) = 21.5 t/d, NH3-N (ammoniacal nitrogen) = 0.6 t/d. In these areas, the eutrophication phenomenon is apt to occur as a result of the abundant supply of nutrient elements N and P. Therefore NH3-N shall be taken as the control factor to decide the population size of Wutong Lake eco-city project.
Therefore, the total environmental capacity shall be (Table 2) .
With different drainage amount, the population size in the planning area should be controlled within the range of 68 to 340 thousand people (Table 3) .
According to the discharge standard of pollutants for municipal wastewater treatment plant (GB18918-2002 ), the water discharged from urban sewage treatment plant should fall into Grade Ⅲ surface water (drinking water source zone and swimming pool excepted), and should be treated by first class B standard. By this standard, the population size in the planning area should be controlled below 210,000.
To estimate the population size by the environmental capacity taken up by domestic sewage in residential area and for the objective of maintaining lake eco-system health is a new approach attempted in this project; (3) Choice of industry patterns and layout of Industry distribution
The choice of industry patterns in the planning site must conform to the objective of "healthy lake". Four industries were chosen as leading industries in the lakeside region, which are the environment protection industry, high science and technology industry, cultural originality industry and tourism industry ( In order to maintain the lake health ecosystem, taking cautions in initiating development is not enough, establishing a long-term monitoring and early warning system to assess the impact of the development projects could be essential.
The healthy lake monitoring and warning system consists of the general management and operation system, the health assessment and monitoring system, and the contingency management and operation system (Fig. 7) . When a development project is being started, it will follow the basic flow in the general management and operation system, from the approval and initiation of the project to the construction and operation of the project. In the meantime, the health assessment and monitoring system will monitor the operation of each step constantly to assess the impact on lake eco-system. Once any operational link is found to make negative impact on lake eco-system, the contingency management and operation system will be called into play, stopping the project in operation immediately and seeking for possible solutions. Not until the impact is proved to be cleared by the health assessment and monitoring system can the project be resumed. The cooperation and interaction of three systems plays an effective role in monitoring lake eco-system health and sending warning signals.
Conclusions
With the rapid urbanization of China, lake environment faces severe ecological challenges. In order to address the contradiction between economic development and lake protection, the paper proposes the concept of "healthy lake", and uses this concept as
